Dopamine modulation in the prefrontal cortex is important for cognitive processing and disrupted in diverse neuropsychiatric diseases. Activation of D1 receptors is thought to enable working memory by enhancing the firing properties of pyramidal neurons. However, these receptors are only sparsely expressed in the prefrontal cortex, and how they impact individual neurons remains unknown. Here we study D1 receptor modulation of layer 5 pyramidal neurons in acute slices of the mouse prefrontal cortex. Using whole-cell recordings and two-photon microscopy, we show that neurons expressing D1 receptors have unique morphological and physiological properties. We then demonstrate that activation of these receptors selectively enhances the firing of these neurons by signaling via the protein kinase A pathway. This finding of robust D1 receptor modulation in only a subpopulation of neurons has important implications for cognitive function and disease.
Introduction
The prefrontal cortex (PFC) is important for the learning and expression of cognitive behaviors in mammals (Goldman-Rakic, 1995; Miller and Cohen, 2001) . Dopamine modulation in the PFC helps generate the persistent neural activity needed for working memory (Seamans and Yang, 2004) . Perturbations in dopamine signaling are implicated in diseases ranging from schizophrenia to drug addiction (Knable and Weinberger, 1997; Goldstein and Volkow, 2011) . While dopamine can signal through many G-protein-coupled receptors, the D1 subtype is particularly important in the PFC (Sawaguchi and Goldman-Rakic, 1991; Williams and Goldman-Rakic, 1995; Seamans et al., 1998) .
D1 receptors signal via ␣ s subunits to stimulate adenylyl cyclase and activate protein kinase A (PKA), with many downstream targets (Greengard, 2001) . Activation of D1 receptors influences the excitability of individual pyramidal neurons , but it remains unclear whether this is cellautonomous (Gorelova and Yang, 2000; Dong and White, 2003; Dong et al., 2004) or reflects changes in synaptic activity (Seamans et al., 2001; Wang and O'Donnell, 2001; Chen et al., 2004) . Moreover, D1 receptors are sparsely expressed in deep layers of the PFC (Gaspar et al., 1995) , where dopaminergic inputs are targeted (Emson and Koob, 1978; Descarries et al., 1987) . One possibility is that only a subpopulation of neurons in the PFC expresses D1 receptors, as observed in the striatum (Gerfen et al., 1990) . Dopamine could thus influence working memory and other cognitive behaviors by selectively controlling the firing properties of these neurons.
Here we use whole-cell recordings and two-photon microscopy to study D1 receptor modulation of layer 5 (L5) pyramidal neurons in acute slices of the mouse PFC. We use BAC (bacterial artificial chromosome) transgenic animals to show that D1 receptors are found in a minority of neurons that have compact dendrites and exhibit burst firing. We find that the firing properties of these D1-positive (D1ϩ) neurons, in contrast to D1-negative (D1Ϫ) neurons, are strongly influenced by activation of D1 receptors signaling through the PKA pathway. These results indicate that D1 receptor modulation is restricted to a subpopulation of neurons in the PFC, with important implications for cognitive function and disease.
Materials and Methods
Slice preparation. L5 pyramidal neurons were studied in acute coronal slices of the medial PFC from male and female hemizygous postnatal day 21-28 BAC D1-tdTomato mice (Shuen et al., 2008) in a Swiss Webster background. Mice were anesthetized with a lethal dose of ketamine and xylazine and perfused intracardially with ice-cold external solution containing (in mM): 65 sucrose, 76 NaCl, 25 NaHCO 3 , 1.4 NaH 2 PO 4 , 25 glucose, 2.5 KCl, 1 CaCl 2 , 5 MgCl 2 , 0.4 Na-ascorbate, and 2 Na-pyruvate (295-305 mOsm), bubbled with 95% O 2 /5% CO 2 . Coronal slices (300 m thick) were cut in ice-cold external solution and transferred to ACSF containing (in mM): 120 NaCl, 25 NaHCO 3 , 1.4 NaH 2 PO 4 , 21 glucose, 2.5 KCl, 2 CaCl 2 , 1 MgCl 2 , 0.4 Na-ascorbate, and 2 Na-pyruvate (295-305 mOsm), bubbled with 95% O 2 /5% CO 2 . After 30 min in ACSF at 35°C, slices were allowed to recover for 30 min at 24°C. All experiments were conducted at near-physiological temperatures (32Ϫ34°C). All chemicals were from Sigma.
Electrophysiology. Whole-cell current-clamp recordings were obtained from L5 pyramidal neurons located 450 -550 m from the pia. D1ϩ neurons were identified by their fluorescently labeled cell bodies and targeted with IR-DIC. Borosilicate recording pipettes (3-4 M⍀) were filled with the following (in mM): 135 K-gluconate, 7 KCl, 10 HEPES, 10 Na-phosphocreatine, 4 Mg 2 -ATP, and 0.4 NaGTP (290 -300 mOsm, pH 7.3 with KOH). The internal solution also contained 30 M Alexa-594 to image neuronal morphology and 200 M Fluo-5F. For highresolution image stacks, neurons were filled via the patch pipette for at least 20 min before imaging. Recordings were made using a Multiclamp 700B amplifier. Recordings were not corrected for the liquid junction potential. All experiments were performed in the presence of the following synaptic blockers (in M): 10 NBQX, 10 ( R)-CPP, 10 SR-95531. D1 receptor agonists SKF-38393 and SKF-81297 and D1 receptor antagonist SCH-23390 were made up in water and protected from light. The agonists were allowed to wash-in for 5 min before data acquisition. In some experiments, the internal solution contained 3 mM GDP-␤S, 100 M PKA inhibitor fragment (6 -22) (PKI), or 100 M PKC inhibitor fragment (19 -36) (PKC-I). All chemicals were from Sigma or Tocris Bioscience, with the exception of PKC-I (EMD Chemicals).
Two-photon microscopy. Two-photon imaging was performed using a custom microscope, as previously described (Chalifoux and Carter, 2010) . At the end of each experiment, a high-resolution image stack (⌬x ϭ 0.5 m, ⌬y ϭ 0.5 m, ⌬z ϭ 1 m) was taken of the recorded neuron for morphology analysis. Three-dimensional reconstructions were performed using NeuronStudio (Wearne et al., 2005) . Sholl analysis reveals the number of branch points between increasing three-dimensional spheres emanating from the soma. Image stacks in Figure 1 were processed with a 2-pixel diameter median filter for display purposes.
Histology and confocal microscopy. Mice were deeply anesthetized and perfused intracardially as described above. Brains were removed, transferred to a solution containing 4% paraformaldehyde in 0.01 M PBS, and fixed for 24 h at 4°C. Coronal sections (70 m thick) were cut in PBS, placed on gelatin-coated microscope slides, and sealed under glass coverslips using ProLong Gold antifade reagent with DAPI mounting media (Invitrogen). Images were acquired with a Leica TCX SP5 confocal microscope using a 40ϫ objective and excitation wavelength of 561 nm. Montages were stitched using the mosaicJ plugin in ImageJ (NIH).
Data acquisition and analysis. Electrophysiology and two-photon imaging data were acquired using National Instruments boards and custom software written in Matlab (MathWorks). Off-line analysis was performed using custom routines written in Igor Pro (WaveMetrics) . Summary data are shown as box plots, with individual data points (open circles), median (thick line), interquartile range (box), and 10 -90% range (whiskers). Summary data reported in the text are the arithmetic mean Ϯ SEM. There are occasionally small differences between the median and mean, which explains some discrepancies between values shown in figures and reported in the text. Significance was defined as p Ͻ 0.05 and determined using the nonparametric Wilcoxon-Mann-Whitney two-sample rank test or the Wilcoxon signed rank test for paired data (when appropriate), neither of which makes assumptions about the data distribution. In Figure 2 , input resistance and voltage sag were quantified from the response to a hyperpolarizing current pulse (Ϫ50 pA, 500 ms). Input resistance was calculated using the difference between resting potential and steady-state response to the pulse. Voltage sag was calculated as the difference between maximum hyperpolarization and steady-state response, normalized to the maximum hyperpolarization. Burst firing was quantified as the ratio of the interspike intervals (ISIs) of the first and last pairs of action potentials during a train of five action potentials. Changes in firing (⌬AP) were calculated as the difference in the number of evoked action potentials. Representative traces in Figures 2, 3, and 4 were baseline subtracted for display purposes.
Results

Morphological properties
We examined the properties of L5 pyramidal neurons expressing D1 receptors in acute slices of mouse PFC. To distinguish between D1ϩ and D1Ϫ neurons, we used BAC transgenic animals expressing tdTomato from the D1 promoter (Shuen et al., 2008) . We found that D1ϩ neurons were interspersed throughout the PFC, in agreement with sparse D1 receptor mRNA expression (Gaspar et al., 1995;  Fig. 1 A) . However, these neurons were concentrated in deep layers, consistent with high levels of dopaminergic fibers in this region (Emson and Koob, 1978; Descarries et al., 1987) .
We used whole-cell recordings to introduce fluorescent dyes into D1ϩ and D1Ϫ L5 pyramidal neurons and two-photon mi- croscopy to view their morphology (Fig. 1 B) . Using highresolution three-dimensional reconstructions (see Materials and Methods), we found that the apical dendrites of D1ϩ neurons were smaller and less complex than D1Ϫ neurons. Total dendritic length was less in the apical dendrites (D1ϩ ϭ 2.3 Ϯ 0.2 mm, n ϭ 8; D1Ϫ ϭ 5.5 Ϯ 1.1 mm, n ϭ 6; p ϭ 0.008), while the basal dendrites were similar (D1ϩ ϭ 2.6 Ϯ 0.2 mm; D1Ϫ ϭ 3.5 Ϯ 0.5 mm; p ϭ 0.35; Fig. 1C ). Sholl analysis also revealed substantially fewer total dendritic branch points in the apical dendrites (D1ϩ ϭ 15 Ϯ 2; D1Ϫ ϭ 35 Ϯ 6; p ϭ 0.008), while the basal dendrites were again comparable (D1ϩ ϭ 20 Ϯ 2; D1Ϫ ϭ 23 Ϯ 3; p ϭ 0.68; Fig. 1 D) . These results indicate that L5 pyramidal neurons expressing D1 receptors represent a morphologically distinct set of cells in the PFC.
Electrophysiological properties L5 pyramidal neurons in the PFC are a heterogeneous population whose physiological properties can vary widely (Kawaguchi, 1993; . Using current-clamp recordings, we next examined the membrane properties of D1ϩ and D1Ϫ L5 pyramidal neurons (Fig. 2 A) . We found that the resting potential was more hyperpolarized in D1ϩ neurons (V m : D1ϩ ϭ Ϫ74 Ϯ 1 mV, n ϭ 44; D1Ϫ ϭ Ϫ68 Ϯ 1 mV, n ϭ 30; p ϭ 1 ϫ 10 Ϫ6 ). In response to hyperpolarizing current injections from rest, we found that the input resistance of these neurons was also significantly higher (R in : D1ϩ ϭ 189 Ϯ 11 M⍀; D1Ϫ ϭ 87 Ϯ 6 M⍀; p ϭ 1 ϫ 10 Ϫ9 ) (see Materials and Methods). These recordings also revealed an absence of the depolarizing voltage sag, which reflects activation of hyperpolarization-activated channels and is a canonical feature of most L5 pyramidal neurons (Robinson and Siegelbaum, 2003) . The hyperpolarization-evoked voltage sag was significantly smaller in D1ϩ neurons (sag: D1ϩ ϭ 0.3 Ϯ 0.7%; D1Ϫ ϭ 15 Ϯ 1%; p ϭ 3 ϫ 10 Ϫ11 ) (see Materials and Methods; Fig. 2 D) . These results show that D1ϩ neurons have unique membrane properties, further indicating that they represent a distinct subpopulation of cells in the PFC.
We next examined the firing properties of D1ϩ and D1Ϫ L5 pyramidal neurons in response to depolarizing current injections from rest. For these experiments, we evoked a minimal number of action potentials (AP 1 ; Fig. 2 B) or a train of five action potentials (AP 2 ; Fig. 2C ). We found that D1Ϫ neurons fired regularly, as observed in many L5 pyramidal neurons throughout the cor- (left, red) and D1Ϫ (right, black) L5 pyramidal neurons in response to a hyperpolarizing current step. The peak response of the D1Ϫ neuron is scaled to that of the D1ϩ neuron for comparison (gray). B, Similar to A, but in response to a minimal depolarizing current step (AP 1 ). C, Similar to B, but in response to a larger current step (AP 2 ). D, Summary of voltage sag in D1ϩ (red) and D1Ϫ (black) neurons. E, Summary of ratio of first and last ISIs in response to the larger current step (AP 2 ) in D1ϩ (red) and D1Ϫ (black) neurons. Note that representative traces are baseline subtracted for display purposes. Significance is indicated by *p Ͻ 0.05. Figure 3 . D1 receptor modulation of firing properties. A, Representative traces from a D1ϩ L5 pyramidal neuron in response to a minimal depolarizing current step (AP 1 , left) and larger current step (AP 2 , right) under baseline conditions (black) and after bath application of the D1 receptor agonist SKF-38393 (red). B, Similar to A, but in the presence of the D1 receptor antagonist SCH-23390 (ant). C, Similar to A, but from a D1Ϫ neuron. D, Summary of changes in firing in response to the minimal current step (⌬AP 1 , left) and larger current step (⌬AP 2 , right), after bath application of SKF-38393 (red) or SKF-81297 (blue). Significant difference from baseline conditions is indicated by *p Ͻ 0.05.
tex. In contrast, D1ϩ neurons fired brief bursts of action potentials, even in response to minimal current injections. The ISI of the first two action potentials during AP 2 was significantly shorter in D1ϩ neurons (ISI: D1ϩ ϭ 18 Ϯ 3 ms, D1Ϫ ϭ 76 Ϯ 5 ms, p ϭ 1 ϫ 10 Ϫ11 ). We quantified bursting as the ratio of the ISI of the first and last pairs of action potentials during AP 2 , which was significantly lower in D1ϩ neurons (ISI ratio: D1ϩ ϭ 0.15 Ϯ 0.02; D1Ϫ ϭ 0.66 Ϯ 0.05; p ϭ 2 ϫ 10 Ϫ10 ) (see Materials and Methods; Fig. 2 E) . The observed differences in input resistance, voltage sag and firing properties were similar when D1ϩ neurons were depolarized to Ϫ65 mV or D1Ϫ neurons hyperpolarized to Ϫ75 mV (data not shown). Finally, applying ZD-7288 (10 M) to block hyperpolarization-activated channels reduced the resting potential of D1Ϫ neurons (V m (ZD) ϭ Ϫ79 Ϯ 2 mV, n ϭ 11; ⌬V m ϭ Ϫ10 Ϯ 1 mV, p ϭ 0.001) and eliminated their voltage sag (sag (ZD) ϭ 0.6 Ϯ 1.8%; ⌬sag ϭ Ϫ13 Ϯ 1%, p ϭ 1 ϫ 10 Ϫ4 ) but only slightly increased their input resistance (R in(ZD) ϭ 111 Ϯ 13 M⍀; ⌬R in ϭ 33 Ϯ 11%, p ϭ 0.002) and did not generate burst firing (ISI (ZD) ϭ 84 Ϯ 13 ms, p ϭ 0.97; ISI ratio (ZD) ϭ 0.72 Ϯ 0.08, p ϭ 0.9). Together, these results indicate that L5 pyramidal neurons expressing D1 receptors also have unique physiological properties.
D1 receptor modulation
We next assessed how D1 receptor activation modulates the firing properties of these two classes of neurons. To assess cellautonomous effects, all experiments were performed in the presence of blockers for both excitatory and inhibitory synaptic transmission (see Materials and Methods). We first obtained stable responses to depolarizing current injections that evoked a minimal number of action potentials (AP 1 ) or a train of five action potentials (AP 2 ). We then washed in the selective D1 receptor agonist SKF-38393 (30 M) and assessed the impact on firing. In D1ϩ neurons, we found that the number of action potentials greatly increased in response to D1 receptor activation (⌬AP 1 ϭ 2.3 Ϯ 0.3, p ϭ 5 ϫ 10 Ϫ4 ; ⌬AP 2 ϭ 2.4 Ϯ 0.4, p ϭ 5 ϫ 10 Ϫ4 ; n ϭ 12) (see Materials and Methods; Fig. 3A ). This modulation was completely blocked by the presence of the D1 receptor antagonist SCH-23390 (10 M) (⌬AP 1 ϭ 0.1 Ϯ 0.3, p ϭ 1; ⌬AP 2 ϭ 0.1 Ϯ 0.2, p ϭ 1; n ϭ 5; Fig. 3B ). In contrast, D1 receptor activation had no effect on the firing of D1Ϫ neurons in the same animals (⌬AP 1 ϭ 0.3 Ϯ 0.1, p ϭ 0.13; ⌬AP 2 ϭ 0.2 Ϯ 0.2, p ϭ 0.38; n ϭ 6; Fig. 3C ). We observed similar effects with the alternative D1 receptor agonist SKF-81297 (10 M), which also increased firing in D1ϩ neurons (⌬AP 1 ϭ 2.8 Ϯ 0.4, p ϭ 0.004; ⌬AP 2 ϭ 2.5 Ϯ 0.4, p ϭ 0.004; n ϭ 9), had no effect in the presence of SCH-23390 (⌬AP 1 ϭ 0.2 Ϯ 0.4, p ϭ 0.63; ⌬AP 2 ϭ 0.1 Ϯ 0.3, p ϭ 0.88; n ϭ 5), and had no effect in D1Ϫ neurons (⌬AP 1 ϭ Ϫ0.6 Ϯ 0.4, p ϭ 0.5; ⌬AP 2 ϭ Ϫ0.5 Ϯ 0.2, p ϭ 0.25; n ϭ 5; Fig. 3D ). These results indicate that the expression of functional D1 receptors is restricted to D1ϩ neurons, and strongly enhance their firing properties when activated.
In addition to this increased firing, we found that activation of D1 receptors caused a small but significant depolarization of D1ϩ neurons (SKF-38393: ⌬V m ϭ 7.6 Ϯ 2.1 mV, p ϭ 0.002; SKF-81297: ⌬V m ϭ 2.5 Ϯ 0.8 mV, p ϭ 0.03). Activation of these receptors also caused a small increase in the input resistance of D1ϩ neurons (SKF-38393: ⌬R in ϭ 12 Ϯ 3%, p ϭ 0.03; SKF-81297: ⌬R in ϭ 21 Ϯ 5%, p ϭ 0.004). Both of these effects were blocked by the D1 antagonist SCH-23390 (10 M) and were absent in D1Ϫ neurons (data not shown), suggesting they are also due to selective activation of D1 receptors.
Dependence on the PKA pathway D1 receptors are usually thought to signal through ␣ s subunits to activate adenylyl cyclase and stimulate PKA (Greengard, 2001 ). Activation of this pathway has many downstream effects that could influence the firing properties of pyramidal neurons (Seamans and Yang, 2004) . However, the protein kinase C (PKC) pathway could also contribute to D1 receptor modulation in the PFC (Young and Yang, 2004; Chen et al., 2007) . We next assessed the involvement of these two signaling pathways in D1 receptor modulation of D1ϩ L5 pyramidal neurons. We first examined the impact of blocking all G-protein signaling by including GDP-␤S (3 mM) in the internal solution. We found that GDP-␤S eliminated the increase in firing due to both SKF-38393 (⌬AP 1 ϭ Ϫ0.5 Ϯ 0.3, p ϭ 0.09; ⌬AP 2 ϭ Ϫ0.7 Ϯ 0.4, p ϭ 0.16; n ϭ 6; Fig.  4 A) and SKF-81297 (⌬AP 1 ϭ Ϫ0.4 Ϯ 0.2, p ϭ 0.13; ⌬AP 2 ϭ Ϫ0.2 Ϯ 0.2, p ϭ 0.63; n ϭ 6; Fig. 4 D) , confirming that G-protein signaling cascades are involved. We then determined the impact of specifically eliminating PKA activity by including PKI (100 M) in the internal solution. We found that PKI also blocked the effects of both SKF-38393 (⌬AP 1 ϭ 0.0 Ϯ 0.2, p ϭ 0.75; ⌬AP 2 ϭ 0.4 Ϯ 0.2, p ϭ 0.13; n ϭ 6; Fig. 4 B) and SKF-81297 (⌬AP 1 ϭ 0.2 Ϯ 0.2, p ϭ 0.25; ⌬AP 2 ϭ 0.1 Ϯ 0.2, p ϭ 0.69; n ϭ 8; Fig. 4 D) , verifying that PKA signaling is also engaged. In contrast, we found that including PKC-I (100 M) in the internal solution did not prevent the effects of either SKF-38393 (⌬AP 1 ϭ 2.7 Ϯ 0.4, p ϭ 0.008; ⌬AP 2 ϭ 2.6 Ϯ 0.4, p ϭ 0.008; n ϭ 8; Fig. 4C ) or SKF-81297 (⌬AP 1 ϭ 2.0 Ϯ 0.4, p ϭ 0.008; ⌬AP 2 ϭ 2.2 Ϯ 0.3, p ϭ 0.008; n ϭ 8; Fig. 4 D) , indicating that PKC signaling is not required. Together, these results indicate that D1 receptors signal through the PKA pathway to influence the firing properties of D1ϩ neurons.
Discussion
We have used whole-cell recordings and two-photon microscopy to study the properties of L5 pyramidal neurons expressing D1 receptors in acute slices of the mouse PFC. We first showed that D1 receptors are found in a subpopulation of neurons that have relatively compact dendrites and undergo burst firing. We then determined that activation of D1 receptors selectively enhances the firing properties of these neurons by signaling through the PKA pathway. These results expand our understanding of dopamine modulation in the PFC, with important implications for cognitive function and disease.
The mammalian PFC plays a critical role in the learning and expression of cognitive behaviors (Goldman-Rakic, 1995; Miller and Cohen, 2001) . Activation of D1 receptors in the PFC helps generate the persistent neural activity needed for working memory (Sawaguchi and Goldman-Rakic, 1991; Williams and Goldman-Rakic, 1995) . These receptors have been shown to influence the excitability of individual pyramidal neurons . However, it has been difficult to determine whether this effect is cell-autonomous (Gorelova and Yang, 2000; Dong and White, 2003; Dong and White, 2004) or reflects changes in synaptic activity (Seamans et al., 2001; Wang and O'Donnell, 2001; Chen et al., 2004) . While heightened synaptic responses are involved in generating persistent activity (Wang, 1999; Durstewitz et al., 2000) , our findings indicate that D1 receptors can also directly influence the firing properties of L5 pyramidal neurons in the PFC. Moreover, our results indicate that this modulation only occurs in a subpopulation of neurons expressing these receptors.
While D1 receptors are clearly important for PFC function, they are only sparsely expressed in deep layers (Gaspar et al., 1995) . To identify D1ϩ L5 pyramidal neurons, we took advantage of BAC transgenic animals expressing tdTomato from the D1 promoter (Shuen et al., 2008) . This approach has previously been used to identify different classes of medium spiny neurons in the striatum (Gong et al., 2003) . Recently, it has also been used to identify a subpopulation of pyramidal neurons expressing D2 receptor in the PFC (Gee et al., 2012) . In our study, we found that D1ϩ neurons in the PFC have more negative resting potentials, higher input resistances, and undergo burst firing. Our twophoton reconstructions also revealed that D1ϩ neurons have smaller and less complex apical dendrites. These properties contrast with D1Ϫ neurons, but are similar to other subpopulations of L5 pyramidal neurons in the PFC (Kawaguchi, 1993; that have unique projection targets (Morishima and Kawaguchi, 2006; Dembrow et al., 2010; Morishima et al., 2011; Gee et al., 2012) . One interesting possibility is that D1ϩ neurons also make distinct connections onto other neurons in the local circuit. This could support the recurrent excitation required for the persistent activity thought to underlie working memory (Goldman-Rakic, 1995; Miller and Cohen, 2001 ). In the future, it will be important to explore the connectivity of different subpopulations of pyramidal neurons in their local and long-range circuits.
Once we identified a subpopulation of D1ϩ neurons, we used pharmacology to assess how D1 receptors affected their firing properties. We found that two widely used agonists of D1 receptors both strongly enhanced the firing of these neurons. This effect was highly selective, as it was blocked by D1 receptor antagonists, and not present in D1Ϫ neurons. D1 receptors are G-protein-coupled receptors that activate PKA to modulate diverse downstream targets (Greengard, 2001) . We found that D1 receptor modulation was eliminated by intracellular blockade of the PKA pathway, consistent with previous studies (Seamans and Yang, 2004) . In contrast, this modulation was not affected by intracellular blockade of the PKC pathway, which can also be activated by these receptors (Young and Yang, 2004; Chen et al., 2007) . While the targets of the PKA pathway remain unknown, possibilities include inhibition of K channels (Dong and White, 2003; Dong et al., 2004) and activation of Na channels (Gorelova and Yang, 2000) . Previous studies on D1 receptor modulation in the PFC have considered a mixed population, likely consisting of both D1ϩ and D1Ϫ neurons. In the future, it will be interesting to determine the biophysical mechanisms responsible for modulation in identified D1ϩ neurons.
Finally, dysfunctional dopamine modulation in the PFC is prevalent in neuropsychiatric diseases ranging from drug addiction (Goldstein and Volkow, 2011) to schizophrenia (Knable and Weinberger, 1997) . For example, excess D1 receptor activation has been linked to behavioral sensitization to drugs of abuse such as cocaine (Sorg et al., 2001) . In contrast, reduced D1 receptor activation has been implicated in the symptoms of schizophrenia (Abi-Dargham and Moore, 2003) . Our results indicate that D1 receptors are present in only a select subpopulation of L5 pyramidal neurons. Understanding how these neurons participate in their larger circuits may ultimately elucidate the role of dopamine in both normal cognitive function and disease.
